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ABSTRACT. Thermal denaturation of the human hemopexieme complex was investigated under a variety

of solution conditions to identify factors that influence heme release. The midpoint temperature for the
transition between the folded and folded stafgs, of the hemopexinferriheme complex exhibits a
significant dependence on pH. When the pH is reduced from 7 to 5 (50 mM BisTris buffer and 50 mM
NaCl), T, decreases by 23 °C despite the relatively higher chloride concentration that tends to stabilize
the protein. The thermal stability of the hemopexfarroheme complex was examined at pH 7.4 to yield
aTmthat is 3.2°C lower than that of the hemopexifierriheme complex under identical conditions. The
effect of transition metal ions, which hemopexin has recently been shown to bind [Mauk, M. R., Rosell,
F. I., Lelj-Garolla, B., Moore, G. R., and Mauk, A. G. (200Bjochemistry 44 XXXX —XXXX], was

also considered. Ct and Zr#* had the greatest effect, reducimg for the transition by 4.8 and 6.5,
respectively, relative to the value for the protein in the absence of metalihss 64.9°C [10 mM
sodium phosphate buffer (pH 7.%)[These metal ions also interfered significantly with the recovery of
the native state from the unfolded protein when the protein on returning €&€2The current results
demonstrate how the conditions within the endosomes of hepatocytes§gh [Cl] ~ 60 mM) and the
potential presence of transition metal ions or heme iron reduction contribute to the membrane receptor-
mediated process of heme release from hemopexin.

Hemopexin (EC 3.2.1.35, MW= 58 000) is a plasma apohemopexin. In particular, the two heme propionate groups
glycoprotein that in healthy individuals circulates as the appear to stabilize interaction with the apoprotein through
apoprotein and is available to scavenge heme that is release@xtensive hydrogen bond interactions. The heme 6-propionate
to blood as a result of hemolysis or tissue damage (for recentgroup forms hydrogen bonds with His272 and a water
reviews, see refd—3). Binding of heme to apohemopexin  mglecule that in turn forms a hydrogen bond with His223.
in the plasma prevents the deposition of heme in tissues andSimiIarIy, the heme 7-propionate group forms hydrogen
the resulting oxidative dgmage that can be c'atalyzed BY bonds with Tyr176 and -197 and Argl74 and -185. All of
hemé (4). The hemopexirheme complex that is formed these well-defined interactions and the less readily defined

n th|_s Process 1s qwckly r_emov_ed from the C|rcu|at|_on by hydrophobic interactions that must contribute to the stability
the liver where heme is dissociated from hemopexin, and .
of the hemopexinrheme complex presumably account for

the apohemopexin is returned to circulatid). ( . o . .
With the determination of the three-dimensional structure (e Nigh affinity of the protein for heme. At the same time,

of the rabbit hemopexinheme complex@), the environment however, these interactions constitute barriers to the efficient
provided to heme bound by hemopexin has been defined inrelease of heme from hemopexin in the_hepat_ocyte once the
detail. While the identification of the histidyl ligands to the complex has been removed from the circulation.
heme iron as His2®3and His266 resolves the long-standin . - . .
uncertainty regarding the identity of these resi%ues othger. our _recent stud@s c haracterizing the interaction of metal
features of the heme binding site provide a structural basis'O"S with hgmopexm 'T‘.the presence and absence QT bound
for the stability of the interaction between heme and heme 7) raise the additional possibility that the stability of
the hemopexirrheme complex may be subject to modulation
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EXPERIMENTAL PROCEDURES or a Jasco spectropolarimeter (model J-810), each of which
) i ) was equipped with Pelletier devices. The temperature probes
Sample PreparatiorHuman apohemopexin was isolated of the three instruments were calibrated with respect to the
from blood plasma cryosupernate (Canadian Blood Services)yye temperature of the solution in the cuvette as measured
and reconstituted with ferriprotoporphyrin X as described \yith 4 Fluke model 2175A digital thermometer fitted with a
in detail elsewhere7). After the final purification step  sypminjature copperconstantan thermocouple that was, in
involving immobilized nickel affinity chromatography (Hi-  tyn, calibrated with high-accuracy mercury thermometers.
Trap Chelating HP, Amersham Biosciences), the holoprotein por thermal denaturation monitored by electronic spectros-
was incubated in a chelating buffer [20 mM sodlgm copy, spectra (260800 nm) were collected every 2°&
phosphate, 50 mM EDTA, and 500 mM sodium chloride fter the sample was equilibrated for 1 min at each temper-
(PH 7.4)] to remove trace metal ions. The protein was then a¢,re_ Overall, the average temperature gradient-wiagC/
exchanged into stock buffer [10 mM sodium phosphate (PH in, The same temperature gradient was used to monitor
7.4)] by repeated centrifugal ultrafiltration (Amicon Ultra,  {hermal denaturation of the protein by circular dichroism
10 000 NMWL, Millipore). Immediately prior to each spectroscopy.
experiment, protein samples (0.5 mM hemopesterriheme, Data AnalysisThe thermodynamic parameters associated
AardPogo = 0.96 at pH 7.4) were diluted to a final protein ity the temperature-induced denaturation of the hemopexin
concentration ofv_sﬂM in a variety of buffers._ The.effects heme complex were obtained by nonlinear, least-squares
of selected transition metal ions were examined in a stock analysis of the temperature dependence of the protein
buffer containing 100uM Zn(NOz)z, Ni(NOs),, MnCl,, absorption or circular dichroism at selected wavelengths. In
CoCl, or CuCh. These metal ion solutions were prepared hese analyses, a two-state denaturation process was assumed
from atomic absorption standards (VWR, Merck). The \hen fitting the data to egs 1 and B)(with Scientist
protein stability in the stock buffer was compared to that in (Micromath). As and Ay are the absorbances of the folded
PBS [10 mM phosphate buffer, 2.7 mM KCI, and 137 mM ' 514 ynfolded states, respectively, of the protein extrapolated
NaCl (pH 7.4)] or a phosphate-buffered nitrate solution [10 {5 o K, andme andmy, are the slopes of the linear temperature

mM phosphate buffer, 2.7 mM KNDand 137 mM NaN@ variation of these absorbances immediately before and after
(PH 7.4)] to examine specific electrolyte effects. Finally, the e melting transition, respectively.

influence of pH on the protein was examined in the range

of 5.0-7.0 in 50 mM BisTris buffer containing 50 mM NacCl. —AGy
For thermal denaturation studies by electronic absorption (Ae + mT) + (A, + myT) ex;{ RT )
spectroscopy, each protein sample (0.8 mL) was placed into Abs(T) = “AG

a masked, semi-micro quartz cuvette (path length of 1 cm) 1+ exy{ U)

and overlaid with light mineral oil. The cuvette was sealed RT

with DuraSeal. For far-UV circular dichroism measurements,

the protein solution (400L) was placed into a quartz cuvette AG(T) =

(path length of 1 mm) fitted with a Teflon stopper. AH (1 _ l) aclteT o1 In(l)
Samples of the hemopexiferroneme complex were " Tm P " T
prepared in an anaerobic glovebox by addition of solid
sodium dithionite to a concentrated sample of the he- WhereT is the temperature in kelvifR the gas constantn
mopexin-ferriheme complex. Excess reducing agent was the midpoint temperature for the transitiéxtin the enthalpy
removed by repeated centrifugal ultrafiltration (Microcon change for the transitiodG, the free energy associated with
YM-30, Millipore) and dilution with fresh, deoxygenated the transition, and\C, the change in heat capacity for the
stock buffer. Samples of the hemopexferroneme complex  transition, which is assumed to be temperature-independent.
were diluted~100 fold with the desired deoxygenated buffer To simplify the comparison of various thermal denaturation
(1.6 mL; final protein concentration of-4 uM) in an experiments, the extent of protein denaturation is presented
anaerobic cuvette, and then overlaid with light mineral oil here as the fraction of unfolded protein as calculated with
that had been deoxygenated. The cuvette was sealed with £d 3 ©).
rubber septum before the sample was removed from the
glovebox for spectroscopic analysis. These larger sample fraction unfolded= (Tm + Ap) — A(T) 3)
volumes were stirred during thermal denaturation to ensure (Tm+A) — (Tm, + Ay)
a uniform temperature throughout the sample. The CO adduct
of the hemopexirferroneme complex was prepared by  The ability of denatured hemopexin to refold after thermal
diluting the reduced protein with a solution that was saturated genaturation was estimated either from the absorbance
with CO (1 atm; Praxair). For some thermal denaturation recovered at the Soret maximum relative to the total
experiments, an excess of sodium dithionite was added priorapsorbance lost at this wavelength or from the ellipticity
to the cuvettes being sealed with the rubber septa. Therecovered at 231 nm. These parameters are reported as a
amount of dithionite present was never sufficient to con- percentage, and they were determined both immediate|y after
tribute significantly to the absorbance spectrum in the Soret each test solution was returned toZDand again after 24
region. 48 h. On the basis of prior workLQ—15), the use of the
Thermal Denaturation Experimenthermal denaturation  van't Hoff formalism that is implicit in eqs 1 and 2 is valid
of the hemopexinferriheme and hemopexirferroheme for the analysis of the temperature-dependent spectroscopic
complexes was carried out under computer control with either changes exhibited by proteins even in cases where the
a Cary UV-vis spectrophotometer (model 4000 or 6000i) thermal denaturation is only partially reversibiédg infra).

(1)

(2)
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Ficure 2: Far-UV CD spectra of the human hemopexiarriheme
complex in 10 mM sodium phosphate buffer (pH 7.4). Spectra were
collected prior to heating—), at 90 °C following a 1 °C/min
temperature ramp (- - -), immediately after the sample had been
cooled to 20°C (--), and immediately after melting at a rate of
120 °C/min and cooling to 20C (--+). The inset illustrates the
L change in ellipticity at 231 nm with temperature during &ClI/

2 40 60 & 100 min ramp. The nonlinear, least-squares fit of these data to eqs 1

T ture (°C . ;
- : __Temeerature (C) and 2 is represented by the solid curve.
300 400 500 600 700 800

Wavelength (nm) protein thermal denaturation monitored by CD spectroscopy
FiGure 1. Thermal denaturation of the human hemopexin  at 231 nm were essentially the same, but Theand AH
ferriheme complex in sodium phosphate buffer (10 mM, pH 7.4) were lower by 3.8°C and 14 kcal/mol, respectively,

monitored by electronic spectroscopy. (A) Comparison of the ; ; ;

spectra of the complex collected at 20 (thick line) and®@Q(thin suggesting that changes in the protein fold precede heme
line). The inset shows spectra of the denatured protein (solid line) '€léase.

and ferriheme at 80C (dotted line). The band at 750 nm reflects  As indicated in Table 1, following thermal denaturation
an increased transmittance across the masked cuvette. (B) leferenc%vith a ramp of 1°C/min (20-90 °C), ~35% Soret absor-
spectra obtained by subtracting the spectrum collected &C20 . '

from all other spectra. The inset illustrates the temperature P@nce of the hemopexirheme complex was recovered
dependence of the Soret absorbance; the solid curve represents thgnmediately after returning the sample to 2C. This

A Absorbance

nonlinear least-squares fit of these data to eqs 1 and 2. recovery increased after prolonged incubation at this tem-
perature. By contrast, recovery of ellipticity at 231 nm
RESULTS following identical treatment of the sample was slightly

greater than that observed by electronic spectroscopy and
mopexir-Heme Complex.Thermal denaturation of the was significantly greater{75% recovery) immediately after

hemopexir-ferrineme complex is characterized in the gy €Xposure to the more rapid thermal gradient (2€0min;
vis spectrum by a decreased absorbance at 414 and 530 nrfiigure 2) that could be achieved with a thermal cycler.
and concomitant increases around 390 and 620 nm (Figureinally, thermal unfolding of the complex with varying
1A). These spectroscopic changes indicate that the low-spin,thérmal gradients [0.1, 1.0, and 26/min; 10 mM sodium
bis-His coordination of the heme iron in the native state of Phosphate buffer (pH 7.4)] as evaluated by the near
the protein is disrupted to produce a high-spin species atcoincidence o_f the pre- and post-transition Soret absorbance
elevated temperatures. The spectrum of the unfolded proteinv@lues established that variation of this parameter has no
resembles that of free heme collected at the same temperaturéignificant influence on the extent to which the protein is
(Figure 1, inset), suggesting that the spin state change is a-nfolded.
consequence of heme release by the protein. Ellipticity of ~Transition Metal lon Linkages of the Stability of the
this complex around 197 and 230 nm in the far-UV region Hemopexir-Heme ComplexThe thermal denaturation of the
of the CD spectrum also decreases with an increase inhemopexin-ferriheme complex in the presence of a 20-fold
temperature (Figure 2), which reflects a decrease in the levelexcess of selected transition metal ions (i.e.2'C&W¥,
of secondary structure~(197 nm) and other structural Mn?*, Ni?*, or Zr?*) elicited essentially the same changes
changes that involve the many Trp residuld) &nd disulfide in the UV—vis spectrum observed in the absence of metal
bonds (7) in the protein £230 nm). While the role of ions. The effects of these metal ions are compared in Figure
disulfide bonds in this feature of the UV CD spectrum of 3A, and the corresponding thermodynamic parameters ob-
hemopexin has not been considered previously, such atained from numerical fits of these data are summarized in
contribution is plausible owing to the presence of six Table 1. Except for Mft", which did not significantly change
disulfide bonds in the structure of this protei).( the T,, of the hemopexinferriheme complex, the transition
Analysis of the temperature dependence of the Soretmetal ions investigated here reduced Theby 1.5-6.5°C.
absorbance (Figure 1B, inset) or other visible absorbanceThe greatest effect was achieved with?Cand Zr#*, which
bands with a model for a two-state transition (egs 1 and 2) lowered theT, by 4.8 and 6.5C, respectively. These metal
yielded a midpoint transition temperatufig,f of 64.6(3)°C, ions also interfered significantly with the recovery of
a van't Hoff enthalpy AH) of 105(5) kcal/mol, and a heat absorbance at 414 nm even after prolonged incubation of
capacity changeAC,) of 3.7(3) kcal mot! K~1 (Table 1). the denatured protein at 2C (Table 1). In the case of €y
The AC, values calculated from a similar analysis of the the van’t Hoff enthalpy andC, associated with unfolding

Spectroscopic Manifestations of Stability of the He-
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Table 1: Thermodynamic Paramefeos the Thermal Denaturation of the Human Hemopexiteme ComplekAs Monitored by Electronic
Spectroscopy and UV Circular Dichroi§m

T AH AC; (kal recovery (%)
sample conditions (°C) (kcal/mol) mol~t K1) t=0 t>24h
10 mM sodium phosphate
buffer at pH 7.4
hemopexin-ferriheme 64.6 105 3.7 34 79
hemopexin-ferrihemé 60.8 91 35 53 nd
with 100uM Co?* 63.1 111 4.1 22 49
with 100uM Cu?" 59.8 66 2.2 2 0
with 1004M Mn2* 64.4 107 3.8 32 61
with 100uM Ni?* 61.0 102 3.8 9 18
with 100uM Zn?* 58.1 90 35 4 8
PBS! 72.5 182 5.9 32 61
PBS' with Zzn?* 70.9 140 4.6 5 10
P/NO;~ ¢ 70.7 182 6.1 38 58
P/NO;~ ¢ with Zn?* 68.9 152 5.2 6 19
hemopexin-ferroheme 61.4 79 2.7 32 nd
hemopexin-ferrohneme-CO >77 - - nd nd
50 mM BisTris buffer
and 50 mM NacCl
pH 7.0 69.9 158 5.3 38 49
pH 6.5 67.0 158 5.5 39 44
pH 6.0 62.6 147 5.7 33 41
pH5.5 55.8 120 5.3 26 30
pH5.% 56.8 121 5.2 34 nd
pH5.0 46.8 108 3.8 15 nd
pH 5.0 with Zr?* 43.8 106 6.5 nd nd
pH 5.5/ hemopexiaferroheme ~43 - — nd nd
10 mM sodium acetate buffer
pH 5.0 44.7 53 1.3 25 nd

a0n the basis of the reproducibility of the thermodynamic parameters obtained from nonlinear, least-squares regression analysis of replicate
thermal denaturation data setssore), the error inTy, is estimated to be-0.3 °C. Likewise, the errors associated wittd and AC, are estimated
to be approximatelyt5 kcal/mol and+0.3 kcal moft K1, respectively® The hemopexin concentration i85 uM for hemopexin-ferriheme
samples and-24 uM for hemopexin-ferroheme sample$.Monitored by CD at 231 nnf In 10 mM phosphate buffer, 2.7 mM KCI, and 137 mM
NaCl (pH 7.4).2In 10 mM phosphate buffer, 2.7 mM KNQand 137 mM NaN@ (pH 7.4).

are also substantially lower than those observed for otherphosphate buffer alone, but the extent of recovery was not
metal ions. as great after prolonged incubation of the samples a20
Electrolyte Linkages of the Stability of the Hemopexin  This observation suggests that salts may interfere with the
Heme Complexincreasing the ionic strength of the he- rate of heme rebinding. This effect could be the result of
mopexin-ferriheme complex by addition of sodium chloride inhibition of electrostatic interactions between important
or sodium nitrate to the buffer stabilized the complex structural elements of the protein at high ionic strengths, or
significantly (Figure 3B and Table 1). This result is in it could result from more extensive adventitious binding of
agreement with findings of Shipulina et al. that sodium heme to the protein or more extensive formation of heme
chloride stabilizes rabbit apohemopexin and the rabbit aggregates.
hemopexin-mesesheme complexi4). In our work, theT,, The hemopexinferriheme complex was slightly more
of the human hemopexitferriheme complex increased-8 stable in PBS than in a phosphate-buffered nitrate solution.
°C in the presence of high concentrations of salt relative to The greater increase i, induced by chloride could result
the values observed with samples in phosphate buffer alonefrom favorable interactions of chloride with the protein at
andAH andAC; increased 78 and62%, respectively. More  sites that are inaccessible to nitrate. As observed in the crystal
interestingly, these salts reduced the destabilizing influencestructure of the rabbit hemopexitneme complex, a chloride
of Zn?* on the complex as demonstrated by a decrease inand two sodium ions reside in the central tunnels formed by
Tm upon addition of the metal ion that was smaller than that the propellers of the two domains of the protei6). (
observed at lower ionic strengths. The changes in enthalpyConsequently, these ions may contribute to the stability of
and heat capacity associated with the denaturation of thethe native form of the complex and account for the lower
hemopexin-ferriheme complex in the presence of bot#Zn T, of the protein observed in 10 mM phosphate buffer.
and a high ionic strength are intermediate between the values pH Linkage of HemopexinrHeme Complex Stability.
obtained in the buffered salt solutions without metal ion and Electronic spectroscopy of the human hemopekarriheme
the solution with 10uM Zn?* in phosphate buffer. Note  complex indicates that the complex is stable to dissociation
also that an increased ionic strength did not significantly at a pH as low as 5.0 (28C). This result is in contrast to
increase the recovery of the Soret absorbance when thethe behavior reported for the rabbit hemopexiarriheme
complex was returned to Z€ despite the stabilizing effect  complex for which 50% of the heme was found to be released
of the high ionic strength on th&, of the complex. at pH 5.0 (5). However, thermal denaturation of the human
Immediately after thermal denaturation, for example, recov- hemopexin-ferriheme complex exhibits a significant de-
ery of this absorbance was comparable to that observed inpendence on pH (Figure 3C and Table 1). Specifically, the
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Ficure 4: Thermal denaturation of the human hemopexin

ferroheme complex in sodium phosphate buffer (10 mM, pH 7.4)
in the presence of excess sodium dithionite. (A) Electronic spectra
of the human hemopexirferroheme complex collected at 15 (thick
line) and 90°C (thin line). The inset shows the spectra of the
denatured protein (solid line) and ferroheme (dotted line) measured
at 80°C. (B) Difference electronic spectra obtained by subtracting
the spectrum collected at P& from all other spectra to illustrate
the thermal denaturation of the hemopexiarroheme complex.
The inset shows the thermal denaturation profiles of the he-
bt ctepckatuta 600 mopexin—-ferroneme complex®, Abs,,7;) and the hemopexin
. L L L L L ferroheme complex with CO boundO( Abs;;). The curve
20 30 40 50 60 70 80 90 represents the nonlinear, least-squares fit to eqs 1 and 2 for
Temperature (°C) denaturation of the complex without CO.

F ) . . . acidic pH. Notably, under these conditions, 13% of the
IGURE 3: Effect of solution conditions on the thermal denaturation . . - -

of the human hemopexirferriheme complex. (A) The effect of ~ COMPplex is already unfolded at 3T, while at higher sodium
metal ions on the thermal denaturation of the prote®) fas chloride concentrations, essentially all of the complex
examined in sodium phosphate buffer (10 mM, pH 7.4) supple- remains intact at this temperature.

mented with 10M CoCl, (M), CuCl, (#), MnCl; (), Ni(NOs), Oxidation State Linkage of HemopexiHeme Complex

(a), or Zn(NGy), (O). (B) The influence of added salts on the o . : : :
thermal denaturation of the complex was studied in sodium Stability. The low midpoint potential of the hemopexin

phosphate buffer (10 mM, pH 7.4) (circles), a phosphate-buffered Neme complex ¥8) required the addition of an excess of
nitrate solution (squares), or PBS (triangles). Empty symbols and sodium dithionite to ensure that the heme iron remains
dashed curves denote the inclusion of 108 Zn(NOs), in these  reduced for the duration of the thermal denaturation experi-
buffers. (C) The effect of pH on protein stability was determined ,ent even when the samples were prepared in an anaerobic

at pH 5.0 @), 5.5 @), 6.0 (half-filled triangle), 6.5 (half-filled L . .
diaFr)nond), ggd 7_01%);?“ BisT(ris buffer (50 mgM))contai(ning Nac| atmosphere, presumably because of the limited integrity of

(50 mM). These electronic absorption spectra were analyzed at 414rubber septa under the conditions of our experiment. At pH
nm as in Figure 1. For clarity of comparison, the data are presented7.4 and with an increase in temperature, an absorption
here as the fraction of protein unfolded, and the curves were maximum developed at 417 nm in the spectrum of the
Igenerated with the thermodynamic parameters from the non“near'hemopexiﬁ-ferroheme complex as the intensity of the Soret
east-squares fits of the absorption data to egs 1 and 2 (Table 1)'band of the complex d d (Fi A7) Thi f
The inset in panel C shows the pH dependence oTthia BisTris plex decreased ( igure ). This new feature
buffer (50 mM) containing NaCl (50 mM). resembles the Soret band observed in the spectrum of ferrous
heme collected at 80C and suggests that ferroheme is
stability of the complex decreases with acidification so that released from the complex at elevated temperaturesT}he
at pH 5.0 theT, is 23°C lower than at pH 7.0, and addition  of the thermal denaturation of the hemopexfarroheme
of Zn?* (100uM) reducesT, an additional 3C. Recovery complex under these conditions was only 32lower than
of the Soret absorbance was diminished at lower pH, andthat observed for the complex with ferriheme, while changes
the van't Hoff enthalpy decreased by32% under such in enthalpy and heat capacity were betB5% lower (Table
conditions. Replacing the BisTris buffer with sodium acetate 1). Spectra collected above 5 failed to pass through an
(10 mM) at pH 5.0 reduced th&, by an additional 2C isosbestic point on the blue edge of the Soret band, and by
(Tm = 44.7 °C), and the changes in enthalpy and heat 71 °C, the strong absorbance of the excess dithionite began
capacity were dramatically reduced, reflecting a strong to decrease rapidly as a result of its decomposition, which
influence of buffer on the denaturation of the complex at is facilitated by free heme.
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1.0 hemopexin-ferrohneme complex are independent of pH, we
' estimate theTl,, of the hemopexinferroheme complex to

. be ~43 °C at pH 5.5 (Figure 5, inset).

V05

0.8

06H! . DISCUSSION

As discussed above, the hemopexireme complex is
remarkably stable, yet heme is released from this complex
in vivo under conditions that permit the liberated apoprotein
to return to circulation and continued servié. (From the
three-dimensional structure of the rabbit hemopexiame
complex, several hydrogen bonding interactions involving
the heme propionate groups have been identified that help
Fiure 5. Thermal denaturation of the hemopexierroheme stabilize the binding of heme to hemopexin_. Dissociation of
complex in BisTris buffer (50 mM) containing NaCl (50 mM) and heme from the complex must, therefore, involve not only
an excess of sodium dithionite (pH 5.5). The inset shows the partial protonation of the axial histidyl ligands but also disruption
thermal denaturation profile of the protein monitored at 427 nm. of these hydrogen bonds. Our recent discovery that
e o e s o B 2Polemopexin and the hemopesiteme complex bind
Brotein andm, are comparable to the corresponding parameters at metal iqns differentially_ raises _the p(_)ssibility t_hat this new
pH 7.4. The solid curve represents the best fit to eq 1 of the 13 dimension of hemopexin function might also influence the
spectra collected prior to the rapid oxidation of the protein at 47.5 stability of the hemopexirheme complex. As the stability
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°C using these estimates.

In comparison with the hemopexiffierriheme and-fer-
roheme complexes, the CO adduct of the hemopexin

of the hemopexinheme complex was likely to be dependent
on the binding of metal ions as well as pH, the oxidation
state of the heme iron, and specific ion (salt) effects, we

| have studied the influence of all of these factors together on

denaturation at pH 7.4. For this derivative, temperatures well the stability of the complex formed by the human protein.
in excess of 100°C would be required to reach a post- The Soret region of the electronic absorption spectrum of
transition baseline. Consequently, thermodynamic parameterghe hemopexirrheme complex is a sensitive reporter of the
for the denaturation of this adduct could not be obtained, integrity of the complex and can be used to monitor the effect
but comparison of the thermal stability profiles observed for of pH and metal ions on the thermodynamic stability of the
the CO complex (Soret maximum of 421 nm) and the complex. While the conventional means of studying the
hemopexiﬁ_ferroheme Comp|ex (Figure 4B, inset) suggests Stablllty of protein Secondary structure is to monitor the far-
that theTy, of this complex is greater than 7T. Judging UV CD spectrum, the range of solution conditions required
from the slopes in the transition region of these plots, it for our study resulted in optical interference that prevented
appears that the changes in enthalpy and heat capacity ofoutine use of this approach. However, the hemopekeme
the CO adduct are also smaller than those of either the complex is known to exhibit a positive Cotton effect-&30
hemopexin-ferriheme or—ferroneme complex. nm that has been assigned to tryptophanyl residi&sl6,
Acquisition of thermal denaturation data for the he- 19). A similar Cotton effect has also been suggested to arise
mopexin—ferroheme Comp|ex at lower pH values proved to from disulfide bondS, pOSSibly intel’acting with Trp residues
be more difficult because of the greater instability and (17). Thus, monitoring unfolding of hemopexin at this
thermal decomposition of dithionite under mildly acidic Wwavelength provides a reasonable alternative means of
conditions. In the BisTris/NaCl buffer (pH 5.0 and 20), assessing protein structural integrity. From the combined use
the hemopexinferroheme complex was unstable as reflected Of changes in Soret absorbance with changes in the CD
by its absorption spectrum, which changed to that of an SPectrum at~230 nm or a higher energy, it has been possible
oxidized Species or of a form in which the heme group has to obtain reasonable InS|ght into both the Stablllty of heme
been released from the native binding site. For thermal binding to apohemopexin and the stability of the protein
denaturation at pH 5.5 (Figure 5), however, this rapid change component of the hemopexiteme complex.
from the spectrum of the hemopexiferroheme complex Under our standard conditions (pH 7.4, 10 mM sodium
coincided with the complete disappearance of the absorbancehosphate buffer), th€, for the human hemopexirheme
associated with dithionite just above 45. This observation ~ complex as determined from changes in the electronic
argues that above 4%C, the spectrum corresponds to a spectrum observed at 414 nm wa4 °C higher than thd,
mixture of the hemopexinferriheme complex and free value determined from the loss in ellipticity at 231 nm,
ferriheme. At higher temperatures45 °C), the broad band  suggesting that some alteration in hemopexin structure occurs
observed at-390 nm resembles ferriheme (Figure 1, inset) during the thermal denaturation immediately prior to heme
and is the principal component in the spectrum of the release. However, at pH 5.5, tfig values obtained by these
denatured hemopexifferriheme complex, consistent with methods are nearly coincident with tfig for heme release,
this interpretation. By extrapolation of the change observed which is 1°C lower than that for denaturation of the protein.
at pH 5.5 (at temperatures below those that result in the Substantial recovery of the folded state following the thermal
elimination of the spectroscopic contribution of dithionite) denaturation of the ferriheme complex was evident from the
to the total absorbance change observed in the thermalreturn of 230 nm ellipticity. This observation is in contrast
denaturation of the hemopexifierroheme complex at pH to the situation for the rabbit hemopeximeseheme
7.4, and assuming that the extinction coefficients of the complex in which this ellipticity was abolished by heating

ferroheme complex exhibits surprising stability to therma
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and not recovered1d). Incomplete renaturation of the previous study of the rabbit hemopeximeseheme complex
hemopexir-heme complex presumably reflects to a large (14). Nevertheless, it is difficult to compare directly the
extent the fact that this protein is both large and glycosylated. results from the two species of protein because of differences
In addition, heme released by thermal unfolding may be in the way the analyses were performeti4,(16). For
partially sequestered as the result of nonspecific binding to example, some of th&,, values reported by Shipulina et al.
the protein or aggregation. (14) simply represent the temperature at which 50% of the
A potential role for metal ions in the modulation of heme total Soret absorbance change was observed without con-
binding during the transport and release of heme is substantisideration of the temperature-dependent changes in the
ated by the finding that metal ions alter the thermodynamics extinction coefficients of the protein before and after the
of the dissociation of the heme group from hemopexin. transition. T, values determined in this mannet4} are
Notably, C@* reduces theTl,,, of the complex, and it also influenced by the temperature range that is examined.
decreases the enthalpy and heat capacity of heme dissociatio@onsequently, considerable differences can result between
relative to the situation encountered in the absence of metalthe thermodynamic parameters derived by this method and
ions. The reducedH associated with the denaturation of those derived from more comprehensive analysis as em-
hemopexin in the presence of €umay result from the ployed in the current study and elsewhede 10). Additional
occurrence of species intermediate between the folded anddifferences may also have arisen because of the failure in
unfolded forms of the proteinl@). This interpretation is  the earlier study to address adequately the experimental issues
consistent with the observation that the isosbestic pointsinvolved in maintaining hemopexin in the reduced state,
obtained in the presence of €uare less well defined than  particularly at elevated temperatures and reduced pH, condi-
those observed during denaturation in the presence of othetions further complicated by the rapid decomposition of
metal ions. Such intermediates might arise from altered hemesodium dithionite.
binding geometries or from partial stabilization of normally ~ The uptake and entrapment of the hemopexiame
transient intermediates through binding of?CuOf the five complex by hepatic endosomes, the release of heme from
metal ions examined, Zh causes the most significant this complex within the endosome, and the return of
decrease in théy, of the hemopexirheme complex. Even  apohemopexin to the circulation represent a complex series
at elevated chloride concentrations (which stabilize the of events that is initiated by interaction of the complex with
complex significantly), Z&" exhibits a destabilizing influence 3 membrane receptor2f). The studies presented here
on the complex, albeit to a lesser degree than in the absencevaluate parameters that influence the stability of the
of chloride. These results may indicate that metal ion binding hemopexir-heme complesn vivo or that are likely to do
occurs in the vicinity of the heme group, thereby permitting so. Specifically, we find that the stability of the hemopexin
a relatively rapid effect of metal ion binding on the stability ferriheme complex decreases as the pH is lowered, that the
of the complex. In fact, the inability of the complex to complex is destabilized in a semiquantifiable manner upon
recover significantly when the sample is cooled following reduction of the heme iron, and that the binding of metal
thermal denaturation in the presence of certain metal ionsjons significantly decreases the stability of the hemopexin
could indicate competition of these metal ions with the heme ferriheme complex. While the hepatic endosomal pH is
group for critical protein ligands, perhaps even one of the known to be acidic 3, 24), the metal ion content of
axial ligands to the heme iron (His213 and -266). endosomes is to the best of our knowledge unknown. Our
The apparently additive but opposite influence exerted by results provide a rationale for evaluating this property of
salts and metal ions on the thermal stability of the he- endosomes.
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